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Abstract: Notch filters are widely used, but the difficulty lies in the large amount of calculation and
complex film structure and material types when using the traditional transmission matrix method for
spectrum design. In this paper, the special dispersion relation of the multiple Bragg scattering of the
periodic potential field Bloch wave in the crystal in the solid state physics theory is combined with the
Maxwell equations in the optical film theory to calculate the periodic function of the one—dimensional
photonic crystal (ie film) and obtain the band structure; the change of the forbidden band width and
position in the energy band structure corresponding to the change of the medium refractive index (medium
refractive index ratio) , center wavelength and incident angle is analyzed; the specific functional relationship
is deduced. Bring the spectral requirements of the notch filter into the functional relation for calculation, and
bring the result into the Essential Macleod thin film design software for film system design. Compared with
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the traditional transfer matrix method, the results show that the design method based on the one-
dimensional photonic crystal band structure is much less computationally intensive, the periodic structure is
simple, and only two materials are needed. The spectral curve can meet the design requirements.

Key words: One—dimensional photonic crystal; Dispersion relationship; Energy band structure; Forbidden
rejection band; Film design; Notch filter

OCIS Codes: 310.4165; 310.6805; 310.6860; 310.6188; 350.4238

0 358§

e F AR T8 BTG B M 0 N 3 T M A B g A A B 2 R R S T DL D s Bl
19984F GHAEMI H F fl GRUPP D E %5 76458 3R 4 Ja 17 1 (14 S ARK B0 R s 1) % 27 40 1) 30 o 3 Bl % %
BT & A 78 Ak 5 [ A B AP e 3E o B A5 A S B2 255 2013 4F CHOT H J M CHOL S48 T
— Fh 3 Tl S A2 0 3 B R A R AR A T 0 2 )2 RO T AR R 1 T ALt S RN R LR B
R A O 5 2020 4F 8 [ R AL K 2E 1 YUN S D — 4 56 7 Fi K 56 T8 BRI E 24 5 3 1A % o i ik
TRAE AR R B R AR S A S T AR £ Dk (R A AN YT B A A% B i, B R BT OGS IR B TR Y
gl

] P A1 Xt A T & A ABE A 15 T T 8 ' R A B S R 22 {3 o O AU I D O A AT Ol R
TRAR A o AR AR IY BB G M TG IE O B B A R D IO (ER) A Tz R Y. B
T 68 90 0 06 A T2 B AR T O v O A5 i R v, MR A S S R O I S T B A BT SN AR B AR AR
S TR DG R PRI ST R L R B S S R S R R 4 DT 3 R 9k T R FLAR M SR AR
LA A AT — 2 AR A A 5 O TR R AR [, B — D 1 A 5 S HE B R R A
B9 516 2 T 1S D IR DA 22 i 3 =5 05 R 4 (Mlaxweell's equations) ™, 3 i f [ 44 4 2 TG B &1 300 6% ot A BR300 s
B TE T 1 ke s TR AT B R el A T 0T 4 R A B R DA A

Zo TR A A R 0k A G PR SR HE S A R AR R R AR SR L A R A B R AR A
X ) AL XRS5 X)) B g i i Ak o — 3 X 2R g ), G RS L1 B S SO AR Y
SR o AR SCHET [ R Y B — 4k F 5 R Bloch I RR R € 5000 BE A 45 4 L 15 8 BEAT 45 4 Hh A0 A5 45 5 4T B
R RS £ B 2 R Y R AR A 2 BB DB O R B R R R b XA A T AL A A SRR
B T AR T SR b B RS A B 5 1A B 2 B0 A Essential Macleod 3 IR 5 54 v iF
FTU0UE . S0 5 SR Je A ASHIF 9 42 HH B9 — 2 % 1 A 1A BB AT &85 10 125 15 T 0 4 D D O 6 i 15 1% G A% i A R vk
WA B AR 2 F A, EARMFE ik E /N B i R s

1 BEFEN

Maxwell 75 & 41 25 & [ 44 4 #1096 BR J& 300 & 7R B 38 nT a0, 06 7 df 4R b Bloch % & 4= £ & Bragg U415
i 3o R B TR S R Y S 0T pR BRI A BB AT A A, DURE S 45 R P YO 1A GED A X G T E AT b . X T
TR T A W I8 A B 1k X R 38 X)) AT Rh 6 7 S AR I 54, B ) IX O i i

R A — 46 T b A 5 0 I ARE S 0 5 S X = R IR H A A 5 HE 8 5 A TR B Y (8 OGS R AT o A, B
(AB)"N.(ABA)"NAHI(ABBA) "N, I B NI K . W B 1,555 w 08 T8 32 DL 0, 22 0 45 A A
SEDE TR RN RA BREE RN, =d, dy=d; B R d=d, + d..

(AB) N 25 e I i) — 4 A O 1 dh ik i o 100

1 . .

cos(kd) = 0S80, COSO — (7]A + 7]B) sind, sindp (1)
2\ms M4
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0, = THIdi cosl, = k,.d, (2)
0, = arcsin(no sinﬁo/n,-) (3)
7, = n; cosd, (4)
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B1 (AB)"N—%XF & ko 54
Fig. 1 (AB)~N periodic structure of 1-D photonic crystal

A, 85 i doon MG S R A BT A B Hp AR R I 5 A R A7 22 VAR (67 S 3R B A R0 S 98 W BR EE AT B

RN K
BI1HA A BB ARB, kg R d =d, + d,+ d,,(ABA) "N 258 th 6% i i oe 2 0

cos(kd) = cos’0, cosdy, — sin’d, cosdy — (ZA + ZB) Sind , sindy coso 4 (5)
B A
MR EHE AT (ABBA) "N Z5# thGik i i e 2 R
cos(kd) = (:oszﬁA,\(cosZ6B — sinzaB) + sinzé‘A(sinzé‘B — 005263) — 2(? + ZB) SING 4, SiNdy cosd , cosdy (6)
B A

— 1< cos (kd )<< 1IN, b A5 SEHAH , Bloch 3 9 A 2080, XoF L VG 47 5 cos (kd )= = T, X R 2RAH 41 2% 5
| cos (kd ) | = LI, kR 5240, Bloch i Ay % Wl , %5 BB A8 o (AB) "N (ABA) "N I (ABBA) ~N X Ji7 19 5
i £ 2 Pl 2, 20 60 Sk T4 DXk A

K2 (AB)"N,(ABA) N7 (ABBA) N £ # # £
Fig. 2 Dispersion curve of (AB)-N, (ABA)"N and (ABBA)-N

1131002-3

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



T AR

H1 &L 2 ] 7645 S RO R Y 26 068, B SRl 393 ob o T2 9 8 0 () — 03RRI 19 2545 B80T B 48
25, Xk IO P BT G B2 /)N 5 00 H P 2 A R 0 0 A A 5t £ S ri) R T 1) R Bl €8 B e R A/ PR 5
ANAE o AR AR O RO A B T, HLAE () — (0 Bt 2 v B A R T B 1008 A 3 R R

2 RFEEH

e8I O 0 o7 P AR T LA P T DL O B Ay 09, 5 LR 2 BORE BT 19 2 A AT A S AR b
R HU T UL R 3T 21 A B T P9 R TR

B(AB) "N HICABA) N 4 J& 10 45 4 v BR IS S LS B AT 2 805 M), CABA) - N 4 it A Y
(AB) "N i —¥  Hrhn, = 1.3,n, = 2.45,0, = 30°,1, = 500 nm, &, = A,/ 4n,(i= 1, 2), Fo A4 i 2% 4%
AN 3 7 o Al 2 BOR AR BRI H R Sl B0 A A A R R e AR A, UELA BT ALB I AR 53
IR, G il 22 R R A g

A3 BJEd.d,F1/2d, .d, 55L& o &

Fig. 3 Dispersion curve corresponding to thickness ¢,, ¢, and 0.5 d,, d,
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Table 1 Refractive index of common materials'”

Material, n Material, n

Na,AlF, 1.3/1.38 TiO, 1.9/2.3
MgF, 1.38 H, 2.1
Si0, 1.46 Ta,0. 2.16
ALO, 1.54/1.62 Ti,0, 2.35
YbF, 1.52/1.48 ZnS 2.35/2.16
SiO 1.55 Ge 4.4

Bl 4Ca) i n, 29 1.38, B A(D) W my /na D9 1.7, 0 PR B A JEL 01 3 5 6 S AR IR] o AR 3 P B B R =
B0 BUE G B R 1.22~1.62, ny BUB I 1.9~4.5, ny /) WU AE 1A~4 P9 PP 4 R0 5 0] 60, 37 5 56 1
S REAR o A A 78 A AR AR B (0 A5 Ak S8 /N T o 8 R S A T R L b AR i AR 5 AR 1K

P AR B0 R AR LA AS T A AL 5 — AR SE R AR S i HL B RER AR ST HEATIEAE Kl 6
R — A S8 5 na /g Mo A A R IE G R IIE 3 2 — N E AT T, 00— Rk, 9%
WHEZ IR . K2 RE 6 MG LR, RER A
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H4 ny,=1.38%m nB/nA =170 &% 8%
Fig. 4 Dispersion curve of n, = 1.38 and nB/nA =1.7

&5 nA:1.387’FDnB/nA:1.7%%”%%7@{
Fig. 5 Band gap of n,=1.38 and ny /n,, = 1.7

f(x) =psx+p, (7)
na R TEABL I B /o 386 €00 TR0 200 300 8 0 R 46 Xof 084 A i % ) AU B ) B B ) — 3R 5 TR
I AN AR B8 AR S RN 2 O S AR LIS K. A T R B AR S T /i AETE R IE SR 2 Y

B 6 na ARy g Fy R B — A0 5
Fig. 6 The width of the first band gap when 7, or g /n, is a fixed value is the fixed value
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Table 2 The value of the fitting coefficient when 7, or nB/nA is a fixed value

0N Ds 2 /1y Ds yn
1.22 195.7 —174.7 1.5 81.79 12.36
1.3 208.9 —187.8 2 170 13.6
1.38 221.9 —201.8 2.5 250 19
1.46 223.2 —214.8 3 332.9 13.01
1.54 247.8 — 226 3.5 409.6 10.14
1.62 260.5 —237.8 4 482.9 9.01
PRI G R, 1S K AR KB /N 22 0, MR URAE 36 5 46 DU A5l 15 58 = A5 e A e . HLAE SR =28 SE 3R 5] 0
I, 56 DU AR T8 8 1k B KB A Z AN RSE o 3 3~5 W TR AUA A5 AR AR LA AR
f(z) =psx+ ps (8)
5 = DUAR A LG R R A U
f(z2) = alsin(blx + cl) + azsin(bzx + cz) + agsin(bsx + C) (9)

W7 Yn, hEfmsg 2w G- g mipmniEygE
Fig.7 When n, is a fixed value, the forbidden band width of the second forbidden band, the third forbidden band and the fourth
forbidden band
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TR B 58 T DUESA FE PTG R O 17 B 2R 5 2 = A8 O 8 BE 3 5 5 b 3G R 1) 4 R 8l HAR L
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Table 3 Fitting coefficient value of the second band gap
7115/n‘\<1.7 nB/nA\>l.7
LON
bs Ds bs Ds
1.22 —23.57 40.14 63.02 —110
1.3 —23.57 40.14 66.79 —117.3
1.38 —27.86 47.71 70.51 —124.1
1.46 —27.86 47.71 74.43 —131.9
1.54 —30.71 52.43 78.78 —140.8
1.62 —33.57 57.14 81.63 —145
x4 FEZEHHUERHE
Table 4 Fitting coefficient value of the third band gap
N a, a, a, b, b, b, e ¢, Cs
1.22 19.14 183.8 186.6 0.369 4.78 4.713 1.246 0.197 4 —9.074
1.3 20.24 135 137.2 0.462 1 4.84 4.744 0.927 4 —0.021 58 —9.227
1.38 22.14 100.6 103.5 0.497 4 4.887 4.757 0.859 1 —0.2729 —9.401
1.46 22.81 130.7 132.4 0.589 7 4.921 132.4 0.532 —0.3374 —9.521
1.54 24.17 127.3 129.2 0.691 6 4.819 4.707 0.212 3 —0.036 79 —9.205
1.62 35.62 14 4.808 0.009 035 2.978 7.958 0.540 9 7.478 —3.945
x5 FENETHRERBE
Table 5 Fitting coefficient value of the fourth band gap
Ny a, a, a, b, b, b, ) , Cs
1.22 30.87 22.71 3.824 0.886 6 1.427 2.764 —0.416 8 1.942 7.032
1.3 377.6 364 2.825 0.807 0.888 3.215 0.850 1 3.827 6.142
1.38 396.7 388.1 1.715 0.826 7 0.889 9 3.549 0.7702 3.796 4.953
1.46 41.76 34.82 2.985 0.846 6 1.354 3.25 —0.016 2.35 5.766
1.54 27.44 9.238 3.796 0.596 2.532 3.408 —0.549 —0.497 5.888
1.62 35.43 11.1 7.783 0.588 3 3.975 4.598 —0.787 5 —3.809 3.906

773/71\?‘7%@[3# nxﬁﬁi
LKA B [ o o 95 I ] — 4y S S8 L B = Ak

{7-,%3:77\
K AR A

FCEEA R Osny/n <28 — Y

Fo FZEWHKAMW A n, M ny/n,

Table 6 The corresponding n, and n,/n, when the third forbidden band disappears

N ny/m,

1.22 3.26
1.3 3.288
1.38 3.316
1.46 3.344
1.54 3.72
1.62 3.4

, b ) A3 7 1) B8 3l 5% A8l W 5 o AR AR TE LU PRVBOC 2R R R IE T
i AR R o < N DO N G B 1% e s A D R ¢

TOMHT . P 8 FRMW]  DUAR A GE AT A fre/MEL, 5 = A MBS T A0 /=17 I P AR

7}:}!:4“‘@
E-Sa A

BOEE, H B A LM R, BRI L E S K, 27 MK S HlA& REL, AR E N
f(x) =prx+ps
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Fig. 8 Forbidden band width with constant refractive index ratio

RT EZ ZNOEHEHUSRHE
Table 7 Fitting coefficient values of the second, third, and fourth band gaps

Second band gap Third band gap Fourth band gap
s »: Ps »: Ps »; Py
1.5 0 7 12.5 —3.25 0.1 3
2 0.4 15 239.3 —280.5 0.2 8
2.5 22.5 18.55 25 —11.5 12.5 2.75
3 52.5 14.95 12.5 —6.25 22.5 —3.45
3.5 77.5 17.45 —12.5 23.25 25 —6.5
4 100 20 0 27 25 —12.5

22 EE/MLER

WA BRIEEW R nd, =2, X 2, /4(i=1,2), K 2, WEB 0 A d G . #2195 7 8 ny/n, %
AR KT 0y, R B 2, = 1 DI K A, =500 nm LA S /1 0, = 30° ¥ 45 55 2 (A, W 9 R,
n/na R TEABL B, E T 2 B 7 000 185 KT 1) MM 77 ) A% B, AFL 4% A 5 BRI B0 AR AR RN, R Z B AN T

F10h # 8 r, = 1.d,= A/ 4n,, HABS BRI E 9. 2,7E 300~1 100 nm P, LA K 200 nm BUE , @&
2R B Ao 3G IR AT Ty 1) A% By, 38l 3B A AR AR R N AR AR B H 3 2 AR O B R ARG R D B — 25 A
IR o A A THE— A i b AL 58 = DO AS AT B T AR S R U U BRI/ H S B

S3ATT T T 568 55 L A A8 A 0T €6 1l 2 %) M0 AR B A T g 40 28 AR 6T 00 80 2 1 e 8 A G T G R b T 2
ANtE o B X AS [ 47 568 556 LT v R 0 45 B8 5 B R AT ELR AR BT 25 AR 11 MR 12, AT R
[ E A 5 VA e ST\ e 1 02 o 1 = - BN | 100 (VA Y R e R A N
B MAILT-EA A RBHE . B8 56 RO B AR 2 LA S5 SR o R 8K 9, A Rk KN

f(x)=pix+p. (11)
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B9 FE POBK NGAZLFIH A E LR E %

Fig. 9 Dispersion curve when coefficient, center wavelength, incident angle and refractive index ratio are the same

10 o 8 KK 300~1 100 nm 3% 5 &y @ # & 45
Fig 10 Dispersion curve and band gap width corresponding to center wavelength 300~1 100 nm

W11 AEAFHERTFORKEETNER
Fig. 11  The width of the band gap of the center wavelength under different refractive index ratios

1131002-9

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



F12 FRFHEFLTHORKE BN ERNLE

Fig. 12 The position where each band gap of the center wavelength ends under different refractive index ratios

®8 OANEHHUERHE
Table 8 Fitting coefficient values of the four band gaps

/ First band gap Second band gap Third band gap Fourth band gap
o P b D b D b D 22
1.4 0.262 5 1.65 0.018 5 —0.35 0.026 5 —0.15 0.007 1.1
1.5 0.304 5 9.25 0.022 5 0.45 0.031 —0.3 0.0115 —0.45
2 0.5195 0.15 0.047 5 —1.65 0.045 —0.5 0.022 5 —0.95
2.5 0.681 0.5 0.062 —0.6 0.054 —0.2 0.029 —0.7
3 0.819 5 —0.45 0.0715 0.55 0.06 0 0.031 0.9
3.5 0.940 5 0.25 0.08 0 0.064 5 0.45 0.036 5 1.45
4 1.052 —0.2 0.087 5 —0.45 0.069 0.3 0.04 0
x9 ONMEHHUERYE
Table 9 Fitting coefficient values of the four band gaps
First band gap Second band gap Third band gap Fourth band gap
ol D D /4 P P P2 P 12
14 0.85 0
1.5 0.842 0.6
2 0.801 0.35
2.5 0.78 0 0.318 0.35 0.0255 0.85 0.196 0.225
3 0.773 0.9
3.5 0.765 0.35
4 0.751 5 0.35
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W R 30, 55— DU AR AT TE K 5 AR B R /N (H AR R IE T 0. LA AT AL, O~15° AHE A,
sind, BUE A BN, i Ze A8 AL B &, A A28 947 B R 98 B2 7E £ 5 nm yE BN AR L, AT 28 AR, &
10 1 13(b) (i il Ze 005 R AL, iR R A X Ny
S (&)= pox”®+ prx+ pu (12)

F 13 R B ONHf X BL B 6 B & A 2R A R

Fig. 13 The dispersion curve and band gap width corresponding to different incident angles
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Table 10 Fitting coefficient values of the four band gaps

Coefficien Do Do P
First band gap 0.015 19 —0.100 5 186.1
Second band gap 0.007 725 —0.050 79 0.047 62
Third band gap 0.002 828 —0.006 061 20.01
Fourth band gap 0.000 529 1 0.066 67 —0.119

AT AR 0 B A B 3 DG B L9156 1 b Bloch I 10 R ik € IO 310 300 R K, 4K K A5 RE Y 45 44
THEIF A B 454 P I AR 5T B D R RS A RO R U AR Y AL B R 5 B S B
AR R RS AR A 5 (EAR G e/ 0928 A0 BT S8 BESE MR, Hony /o B, AR
AT T AR R B A T2 T R X A R ) A A R R s A R S A G ) AR R B R A R
AN AR B IR AL P K, 0= 3071 sin30°= 0.5, 45 — B8 B A B E o K . A
R 0°~30% my /ny = 1.7, Hon \d S R R nid, = Ao/ 4 (i =1, 2) B ABECEE A 5035 0, AR . AT
ny/my— ARG BUT 55 = AR IS S I, 55 DU AR Al 5 R A B e K

L5 b A VAT 3 R S0 45 R # AT LA 5 (AB) ~ N BAE A B A RS R R 0 ok 7R R TR Dk 8 O AR, DA
(AB) "N AT o 4806 2R vh i 0k X (BRI ARA ) i B v 1L, S o Al 30 445 40 vl e 5 222 44 i e 5
REBPRE () 5 K5 AR AT 5T M RERAR AT 56 B2l A AR 55 97 58 3 00 s BOC R b 158 s T 5 R bR () 5 1
He AL BB 5 O PR A SR TS 0 K o B A RN D BT L ABR I 5 A
A 115G R 2043 BT H AR B TR B A R YL

3 it&

RS — 4G T SR A REAE 45 F 1 545 G A% K R R 1 A 6 LG 0, %6 SCER[ 17 ] TR R BB RGB FE I 086
Fr VAW FR 5 36 3 i BE A7 5 0, D6 3 B SR A Al DL 3 B 3 AR 1k X 4 31 A 385~505 nm |, 525~575 nm , 600~
700 nm , HoAth % Be ¥y 1, BIAR AT 56 B 43 %) 4 120 nm .50 nm . 100 nm "',
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B T2 X (AB) - SA Y LA Ik 1 B 5 3R 55~ 538 18 0 e S 36 il 508 22 18] 9 O 28 5 TF 80 o 3 3 LE , e R
P of A A R A BT S T SRS T R A DXRY B R AR L (0.5AB 0.5A) Jy - it J] 301 Y 25 25 3 5
R X8 IO A5 AR VR BE K Dol S S IR S AR L e L X AT A

1 i L R 0 R MR 22 v 97 P I A S, LASCRIR [ 17 ) b A9 2% 00 I 5 0 D' A D B E A TR AT R LR X
525~575 nm, Hfth I BeifE it o W it Z R IR A WIOCIE (0.5AB 0.5A) 1% i 1 9 S 28 5 R E R I i

) bR £
1
T /IO 1— nB/HA e
cos _
£_ 2 A 1+ nl/n\ (13)
Nna T Ao - 711;/77A
COS—— —
2 A lJrn /nA
ERRE TR
2
(1+ nl;/m) L, A
I" = arccos| 1 — T/msm or (14)

H R A (AB) ~SA #) 1/4 P HERY S G R 1 — T, 526 58 B w A BT 58 B 20g Z (8] /) 56 &, 1 72
ZAg,,\f/%itj‘?

0.2137

20g B
E =1 [T/ 17.676] (15)
g M A5 2 T T AR BT S R
” 1+ sin(z 2Ag)
: 1— sin(42Ag)
MR A 3T 5 R 55l 2
Ny =n,=n, (17)
PRIk AR A VB AE R R 22 )2 B LR BT (0.5AB 0.5A) , 81 HIIE L3 (18) e i & 1 Kk LA J2 =2 54
T B B R SR T S S Sy JE 8
T~ 4( "“7“)("3) _‘ (18)
N na
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Table 11 The forbidden band (cut-off zone) required by the design of RGB notch filter and the corresponding actual

results
RGB notch filter Design requirements/nm Dispersion curve/nm Transmittance spectrum/nm
Bule notch filter 385~505 385~505 386~504
Green notch filter 525~575 525~575 526~575
Red notch filter 600~700 600~654/650~700 601~653/651~700
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Fig. 14  Dispersion curve and spectrum comparison of blue and green notch filters
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Fig. 15 Dispersion curve and spectrum comparison of blue and green notch filters
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